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Introduction

Prostate cancer (PCa) is a leading cause of death in men in the United States (1). If detected
early, when the tumor is still confined to the prostate, there are a number of treatment regimens
that lead to good prognosis. However, if the tumor escapes the prostate prior to diagnosis,
patient prognosis is poor. The objective of the proposed study was to identify serine hydrolases
that are aberrantly regulated in PCa, and that contribute to progression of the disease. We used a
novel proteomics strategy called activity-based protein profiling (2) to identify enzymes that
exhibit aberrant activity in prostate cancer. One of the enzymes we identified is fatty acid
synthase. Fatty acid synthase is the sole enzyme responsible for the cellular synthesis of fatty
acids. This enzyme has been previously linked to tumor growth (3, 4), so screens were
established to identify novel antagonists of this enzyme. Surprisingly, one of the more potent
antagonists that was identified is tetrahydrolipstatin, also called Orlistat. This compound is
approved by the FDA for treating obesity. Further work showed that Orlistat selectively inhibits
tumor cell growth and induces tumor cell apoptosis. More significantly, Orlistat slows the
growth of prostate tumors in mouse models of prostate cancer.

Body

The initial goal of the proposed study was to identify enzymes that are involved in the
progression of prostate cancer. We used an activity-based proteomics probe to identify serine
hydrolases that showed activity in prostate cancer. The chemical probe that we used, based on a
fluorophosphonate electrophile, reacts covalently with the active site serine residue of all serine
hydrolases. This enzyme family is composed of enzymes with a wide array of functions and
includes serine proteases, lipases, and thioesterases and carbylesterases.

With this probe, we profiled serine hydrolase activity in the mouse TRAMP model and in a panel
of human prostate cancer cell lines. One serine hydrolase whose activity is consistently up-
regulated in the prostate cancer samples is fatty acid synthase (FAS). This large enzyme consists
of six enzymatic pockets and an acyl carrier protein. Together these pockets synthesize
palmitate, the primary cellular precursor for all fatty acids. The last enzymatic pocket of fatty
acid synthase is a thioesterase, which has the serine hydrolase architecture and which is hit by
the activity-based probe.

Thus, with the identification of fatty acid synthase as being aberrantly regulated in PCa, we
satisfied the objectives of the Statement of Work for Year 1.

A second objective of the study was to obtain neutralizing antibodies against the targets that we
identified in PCa, and to use them to determine if the enzymes have a causal role in the
progression of PCa. Because fatty acid synthase is expressed within the cytoplasm, we reasoned
that antibodies would not be valuable antagonists for probing its function, so instead we screened
for small molecule antagonists of fatty acid synthase. Surprisingly, we identified Orlistat as an
inhibitor of FAS. Orlistat (tetrahydrolipstatin) is an FDA-approved drug approved for treating
obesity (Xenical). Its stated molecular target is pancreatic lipase, not FAS.
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Our studies also show that inhibition of FAS by Orlistat will induce cell-cycle arrest, thereby
halting tumor cell proliferation. Most significantly, we have discovered that Orlistat is able to
slow the growth of human xenograft prostate tumors growing in nude mice. A daily dose of
175mg/kg of Orlistat delivered by i.p. injection slowed the growth of PC-3 tumors by more than
60%.

These findings validate fatty acid synthase as a drug target for PCa and are described in our
paper entitled “Orlistat Is a Novel Inhibitor of Fatty Acid Synthase with Antitumor Activity,”
which was published in Cancer Research (manuscript included with this report). Since we
identified and validated fatty acid synthase as a useful therapeutic target in PCa, we have also
satisfied the Milestones stated for Years 2 and 3 of the project.

Our work has also led to a mechanistic understanding of how fatty acid synthase ties into the
regulation of the cell cycle in tumors. In a paper that we recently published in the J. Biol. Chem.
entitled “A Fatty Acid Synthase Blockade Induces Tumor Cell-cycle Arrest by Down-regulating
Skp2,” which is attached to this report, we show that the blockade of fatty acid synthase elicits a
blockade at the G,/S checkpoint by up-regulating a protein called S-phase kinase associated
protein (skp)-2. These findings provide important mechanistic insight into the role of fatty acid
synthase in tumor progression and show that our observations on PCa are also relevant to breast
cancer. Unpublished work from our group also indicates that fatty acid synthase blockade is
cytostatic and cytotoxic to tumor cells derived from the ovaries and the colon. Therefore, fatty
acid synthase is likely to be a valid therapeutic target for all solid tumors.

Key Research Accomplishments

e An initial identification of several of the serine hydrolases present in prostates of
TRAMP mice was performed, revealing fatty acid synthase as an enzyme that is
frequently up-regulated in prostate tumors.

e Parallel profiling studies were performed on normal and neoplastic human prostate cells.
These comparison also show fatty acid synthase to be up-regulated in the tumor cells.

e An initial screen for inhibitors of serine hydrolases in prostate cancer lines has been
completed. A surprising finding of this screen was the identification of Orlistat (an FDA-
approved drug) as an inhibitor of fatty acid synthase.

e The effects of Orlistat on normal and neoplastic prostate cancer cells has been tested,
revealing that this drug induces a G,/S cell-cycle arrest and in several instances will cause
tumor cell selective apoptosis.

e Orlistat is able to block prostate tumor growth in vivo. Administration of Orlistat to mice
bearing human PC-3 prostate xenografts blocks tumor growth. This observation validates
FAS as an antitumor target and also puts Orlistat forward as a lead molecule for drug
development.

e We find that a primary effect of fatty acid synthase blockade on tumor cells is the up-
regulation of a key cell-cycle regulatory protein called S-phase kinase associated protein
(skp)-2.

e Fatty acid synthase appears to be a valid target in the major classes of solid tumors,
including prostate, breast, ovarian, and colon.
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Reportable OQutcomes

This study has led to the publication of two manuscripts, which are attached to this
report.

Steven J. Kridel, Fumiko Axelrod, Natasha Rozenkrantz, and Jeffrey W. Smith. (2004).
Orlistat Is a Novel Inhibitor of Fatty Acid Synthase with Antitumor Activity. Cancer
Res. 64,2070-2075.

Lynn M. Knowles, Fumiko Axelrod, Cecille D. Browne, and Jeffrey W. Smith. (2004).
A Fatty Acid Synthase Blockade Induces Tumor Cell-Cycle Arrest by Down-Regulating
Skp2. J. Biol. Chem. 279, 30540-30545.

One patent application entitled “Inhibition of Fatty Acid Synthase by Beta-Lactones and
other Compounds for Inhibition of Cellular Proliferation.” has been filed based on the
work performed under this award.

One NIH grant application has been funded based on work performed under this award
(CA 106582: Novel Anticancer Fatty Acid Synthase Beta-Lactone Inhibitors). The
objective of this grant is to identify more potent and selective inhibitors of fatty acid
synthase as antitumor agents. The grant is a collaboration between Dr. Daniel Romo
(Texas A&M) and Dr. Jeffrey W. Smith (Burnham).

Conclusions

The primary conclusions of the study are:

1)
2)

3)

4)

Fatty acid synthase is a valid target for antitumor therapy in prostate and other cancers.

Antagonists of fatty acid synthase induce a G,/S arrest in tumor cells and elicit tumor-
selective apoptosis.

Antagonists of fatty acid synthase inhibit the growth of tumors in animal models of
human prostate cancer.

The FDA-approved drug Orlistat (tetrahydrolipstatin) is a novel inhibitor of the fatty acid
synthase thioesterase and is able to induce G,/S cell-cycle arrest and apoptosis in prostate
cancer cells and inhibit the growth of prostate tumors in animals.

So What? This study illustrates that fatty acid synthase is a rationale therapeutic target in
prostate cancer, and provides a lead compound for drug development.
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Orlistat Is a Novel Inhibitor of Fatty Acid Synthase with Antitumor Activity

Steven J. Kridel,' Fumiko Axelrod,' Natasha Rozenkrantz,” and Jeffrey W. Smith'

!Cancer Research Center, The Burnham Institute, and *Activx Biosciences, La Jolla, California

ABSTRACT

One of the fundamental principles of pharmacology is that most drugs
have side effects. Although considerable attention is paid to detrimental
side effects, drugs can also have beneficial side effects. Given the time and
expense of drug development, it would be particularly exciting if a sys-
tematic method could be applied to reveal all of the activities, including
the unappreciated actions, of a potential drug. The present study takes the
first step along this path. An activity-based proteomics strategy was used
to simultaneously identify targets and screen for their inhibitors in pros-
tate cancer. Orlistat, a Food and Drug Administration-approved drug
used for treating obesity, was included in this screen. Surprisingly, we find
a new molecular target and a potential new application for Orlistat.
Orlistat is a novel inhibitor of the thioesterase domain of fatty acid
synthase, an enzyme strongly linked to tumor progression. By virtue of its
ability to inhibit fatty acid synthase, Orlistat halts tumor cell proliferation,
induces tumor cell apoptosis, and inhibits the growth of PC-3 tumors in
nude mice.

INTRODUCTION

Most drugs have side effects. These range in magnitude from
simple nuisances to life-threatening complications. Although focus is
placed on negative side effects, beneficial side effects are also ob-
served. Unfortunately, the unanticipated effects of a drug are often
revealed in the later stages of development or even after the drug has
been approved for use. Given the time and expense of drug develop-
ment, it would be particularly exciting if all activities of a compound
could be revealed at the outset of its development. With such infor-
mation, care could be taken to minimize detrimental side effects, and
testing of the drug could be expanded to other indications should its
activity profile warrant.

The ability to perform all of the encompassing screens of the
activity of a drug may be on the horizon. In principle, one could
predict the effects of a drug by knowing all of its targets. Recent
emphasis on global profiling strategies, including gene expression
profiling and proteomics, drives this type of thinking (1). Yet these
profiling technologies measure abundance, not function, and they fall
short of making it possible to screen drugs against a plethora of
targets. Recent work in the area of chemical biology points the way
toward direct profiling of protein activity, offering a possible solution
to this hurdle. Two groups have created chemical probes that react at
the active site of multiple enzymes of a given class. Liu et al. (2)
synthesized a probe containing fluorophosphonate as the warhead and
biotin as the reporter, and then used this probe to reveal the serine
hydrolase activity profile in biological samples. Greenbaum et al. (3)
showed that the cysteine proteinases profile could be visualized with
probes containing reactive epoxides. Because activity-based probes
bind at an active site of the enzyme, a direct measure of the level of
active enzyme can be obtained. Consequently, it becomes possible to
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use straightforward competition assays to screen for inhibitors of all
of the enzymes within a family.

Here we apply the activity-based screening strategy to identify
serine hydrolases in prostate cancer cells. The activity-based nature of
the screen also allows us to identify inhibitors of these enzymes. Of
particular interest is fatty acid synthase (FAS), which is up-regulated
in the prostate cancer (PCa) cells compared with normal prostate
epithelial cells, and has been implicated in the progression of various
types of tumors (4-9). Interestingly, Orlistat is a novel and rather
selective inhibitor of FAS in tumor cells. This drug inhibits the
thioesterase function of the enzyme, interferes with cellular fatty acid
synthesis, and can halt tumor cell proliferation and induce tumor cell
apoptosis. Orlistat also inhibits the growth of PC-3 prostate tumors in
vivo. Altogether the study reaffirms the significance of FAS in tumor
progression and underscores the fact that this enzyme is a valid
oncology target. The study also indicates that compounds with reac-
tive B-lactones, such as Orlistat, should be evaluated as potential
antitumor agents.

MATERIALS AND METHODS

Activity Profiling of Serine Hydrolases. LNCaP, DU-145, and PC-3 cell
lines (American Type Culture Collection) were maintained in RPMI 1640
(Irvine Scientific) supplemented with 10% fetal bovine serum at 37°C in 5%
CO,. The PrEC cell line (Clonetics) was maintained in defined medium
supplied by Clonetics. Each cell line was maintained in 150-mm tissue culture
dishes. To generate protein lysates, cells were washed with ice-cold PBS and
harvested by scraping with a cell lifter into cold PBS. Cells were collected by
centrifugation, resuspended in 50 mm Tris-Cl (pH 8.0), and then lysed by
sonication as described previously (2, 10). Soluble and insoluble cell fractions
were separated by ultracentrifugation for 1 h at 64,000 rpm at 4°C. Protein
concentrations were determined by BCA assay (Pierce).

Activity profiling was performed with fluorophosphonate (FP)-polyethylene
glycol (PEG)-6-carboxytetramethylrhodamine (TAMRA) using methods de-
scribed previously (2, 10). Briefly, soluble fractions (40 wl; 1 mg/ml) were
treated with 2 uM FP-PEG-TAMRA for 1 h at ambient temperature. Reactions
were stopped by the addition of Laemmli buffer and boiling. Nonspecific
reaction of the probe was determined with a duplicate sample boiled for 10 min
before labeling with FP-PEG-TAMRA. The labeled samples were resolved by
10% SDS-PAGE and visualized by scanning with a Hitachi flatbed scanner at
605 nm.

Serine hydrolase activity in whole cells was measured with a membrane-
permeable probe, FP-BODIPY . After addition of Orlistat, the probe was added
to cells (final concentration of 2 uM), and the reaction was allowed to proceed
to completion (1 h). Cells were lysed by the addition of Laemmli sample buffer
and boiled; samples were resolved on SDS-PAGE and visualized by scanning
with a Hitachi flatbed scanner at 605 nm.

Inhibition of Serine Hydrolase Activity by B-Lactones. Ebelactone A
and B stocks were made in DMSO. Orlistat (Roche) was solubilized from pills
in absolute ethanol. Cell lysates were generated at 1 mg/ml as described above.
Samples (40 pg) were incubated with inhibitors for 20 min, and FP-PEG-
TAMRA was added and reacted for an additional 30 min.

Identification of Labeled Serine Hydrolases. To identify serine hydro-
lases, a fluorophosphonate probe linked to biotin was used (2, 10). Cell lysates
were preadsorbed to avidin-agarose to reduce nonspecific binding of proteins
during the purification. Cell lysates were labeled with FP-PEG-biotin (5 um)
for 1 h at room temperature. Protein was separated from unincorporated
FP-PEG-biotin by gel filtration on Nap 25 columns. SDS was added to the
eluate to a concentration of 0.5%, and the sample was denatured by boiling.
Samples were diluted with 50 mm Tris (pH 7.5) and 150 mm NaCl, and
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incubated with avidin-agarose for 1 h at room temperature. The agarose beads
were washed eight times with 50 mm Tris (pH 7.5) and 150 mM NaCl
containing 1% Tween 20. Labeled protein was eluted with Laemmli buffer
containing 1% SDS. Protein was resolved by 10% SDS-PAGE and detected by
silver staining. Specific bands were extracted and subjected to in-gel digestion
by trypsin and peptide mass fingerprinting with matrix-assisted desorption
ionization-time of flight as described previously (11, 12).

Expression of the Recombinant Thioesterase Domain of Fatty Acid
Synthase. The portion of the FAS gene (gi:21618359) encoding the thioes-
terase domain was amplified by PCR using the following primers: 5" ATG
ACG CCC AAG GAG GAT GGT CTG GCC CAG CAG (corresponds to
nucleotides 6727-6756) and 3' GCC CTC CCG CAC GCT CAC GCG TGG
CT (corresponds to nucleotides 7625-7650). The recombinant thioesterase
domain was cloned into pTrcHis (Invitrogen) and expressed in Escheria coli.
The recombinant protein corresponds to residues 2202 through 2509 of FAS.
The thioesterase was purified by Ni-affinity chromatography, and analyzed for
activity and inhibition by Orlistat, using methods described above.

Detection of Fatty Acid Synthase by Western Blot. PC-3 cells (5 X 10%)
treated with Orlistat were boiled in Laemmli buffer, resolved by SDS-PAGE,
and transferred to nitrocellulose. The membrane was blocked with nonfat milk
and probed with an anti-FAS monoclonal antibody (PharMingen). Binding was
visualized with an horseradish peroxidase-conjugated rabbit antimouse IgG
(Bio-Rad) followed by chemiluminescent detection with the Western Lighting
Chemiluminescence Reagent (Perkin-Elmer).

Inhibition of Fatty Acid Synthesis by Orlistat. Cellular fatty acid syn-
thesis was measured by the incorporation of ['*Clacetate (13, 14). Cells
(2.5 X 10* cells/well in 24-well plates) were washed twice with PBS and
incubated in defined serum-free medium containing 300 ug/ml BSA and
insulin, transferrin, and selenium as supplements. Medium was added to the
cells in the presence or absence of Orlistat. Cells were incubated with Orlistat
for up to 2 h before the addition of 1 uCi of | 4CJacetate. Cells were incubated
with ['*C]acetate for 2 h, at which time medium was removed, and the cells
were washed with PBS/EDTA and trypsinized. Cell pellets were washed twice
more with PBS, and fatty acids were extracted with chloroform-methanol (1:1)
for 30 min. The extract was dried under N, and extracted with water-saturated
butanol. Butanol was evaporated under N,, and labeled fatty acids were
detected by scintillation counting.

Effects of Orlistat on Cell Proliferation. PC-3 cells were exposed to
Orlistat along with different concentrations of palmitate for 48 h. Fresh
medium, along with Orlistat and palmitate, were added every 24 h. Prolifer-
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Fig. 2. Activity profiling of normal and neoplastic prostate epithelial cells. Lysates
were generated from primary cultures of normal prostatic epithelial cells (PrECs) and
from three prostate tumor cell lines (LNCaP, DU-145, and PC-3). Lysates were incubated
with fluorophosphonate-polyethylene glycol-6-carboxytetramethylrhodamine (FP-PEG-
TAMRA) for 1 h at room temperature. Nonspecific labeling with the activity probe was
measured in samples denatured by boiling (lanes marked +). Samples were resolved by
10% SDS-PAGE and visualized at 605 nm using a Hitachi flatbed gel scanner (lanes 1-8).
The effect of three B-lactones on the activity labeling of serine hydrolases from prostate
cancer cells was assessed in a similar manner. Before incubation with FP-PEG-TAMRA,
lysates were preincubated with ebelactone A (lane 10), ebelactone B (lane 11), or Orlistat
(lane 12). After labeling with FP-PEG-TAMRA, the reactions were halted and enzyme
activity visualized as described above.

ation was assessed by measuring bromodeoxyuridine labeling using the Cell
Proliferation ELISA (Roche).

Effects of Orlistat on Cell Death. Cells were plated in 96-well tissue
culture plates in complete medium. After 24 h, the cells were exposed to
Orlistat for an additional 24 h. Apoptosis was measured with the Cell Death
Detection ELISA (Roche), which was performed according to the manufac-
turer’s protocol. As an independent assessment of apoptosis, the amount of
cleaved poly(ADP-ribose) polymerase was measured in cells after treatment
with Orlistat. Cells were cultured with the Orlistat (25 uM) or ethanol for 72 h,
or with Staurosporine (1 um) for 5 h. At each time point, total cell extracts
were generated by addition of 1X SDS sample buffer. Samples were subjected
to Western analysis using antibodies against the cleaved form of poly(ADP-
ribose) polymerase (Cell Signaling). Western blotting was performed accord-
ing to protocols established by the manufacturer of the anti-poly(ADP-ribose)
polymerase antibody

PC-3 Xenograft Tumor Model. The effect of Orlistat on growth of PC-3
tumors in nude mice was assessed with a staged model. PC-3 cells (1 X 10°)
were injected into the flank of male athymic nude mice 4-5 weeks of age.
Tumors were allowed to grow until they reached a size of ~ 100 mm?, at which
time Orlistat administration was initiated. Orlistat was administered in 30 ul of
vehicle containing 33% ethanol and 66% PEG 400. Animals received 240
mg/kg/day of Orlistat. Tumor size was measured with calipers twice weekly,
and volume was calculated with the formula volume = /6 X XY? (15).

RESULTS AND DISCUSSION

An activity-based proteomics screen was used to identify serine
hydrolases in PCa cells and to screen for their inhibitors. Serine
hydrolases were revealed with an activity-based probe composed of a
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FP warhead linked to the fluorophore (FP-TAMRA) (16). Primary
cultures of normal prostate epithelial cells (PrEC) were compared
with three PCa cell lines, LNCaP, DU-145, and PC-3. Cell lysates
were reacted with FP-TAMRA and then resolved on SDS-PAGE (Fig.
2, lanes 1-8). In each case, ~15 different hydrolases were detected as
fluorescent bands on SDS gels. The pattern of serine hydrolase ex-
pression is generally similar among the cell lines, with two significant
distinctions. A band of 62 kDa was active in the normal PrECs but
absent in all of the tumor lines. Peptide mass fingerprinting showed
this enzyme to be carboxylesterase-2. Conversely, a hydrolase with a
mass of ~270 kDa is expressed in all of the tumor lines but absent in
normal PrECs. Peptide mass fingerprinting with mass spectrometry
showed this band to be FAS, an observation that was confirmed by
immunoprecipitating the complex between FP-TAMRA and FAS
(Fig. 3B).

FAS is responsible for the conversion of dietary carbohydrate to fat
and is the only eukaryotic enzyme capable of synthesizing palmitate,
the precursor for the majority of nonessential fatty acids (17). FAS has
a unique structure and mode of action. The enzyme contains seven
separate enzymatic pockets and an acyl carrier protein. The distinct
enzyme domains of FAS operate together to condense acetyl CoA and
malonyl CoA, ultimately generating the 16 carbon polyunsaturated
fatty acid palmitate. Palmitate remains covalently attached to the acyl
carrier protein of the enzyme until it is liberated by the final enzymatic
pocket on the enzyme, the intrinsic thioesterase. This thioesterase is
the sole serine hydrolase within FAS and is the target of the FP-
TAMRA probe (see below).

FAS is up-regulated in many tumors. Its function has been strongly

A

Fig. 3. Effect of Orlistat on cellular activity of fatty acid synthase
(FAS). A, FAS activity in intact PC-3 cells was measured with a
membrane-permeable activity probe, fluorophosphonate (FP)-BODIPY.
PC-3 cells were first incubated with a range of Orlistat, and the remain-
ing FAS activity was assessed by adding FP-BODIPY to the cells. Cell
lysates were separated on SDS-PAGE, and active serine hydrolases were
visualized (top panel) as described in “Materials and Methods.” The
effect of Orlistat on the level of FAS protein was measured using the
same cell lysates as in by Western blot (bottom panel). B, immune
precipitation of the complex between FAS and FP-6-carboxytetrameth-
ylrhodamine (TAMRA). Cell lysates were treated with 12 um Orlistat
(+) or vehicle control (=) before labeling with FP-TAMRA. FAS was
immune precipitated with anti-FAS antibody. The top panel indicates the
level of the complex between FP-TAMRA and FAS, whereas the bottom
panel (Western blot) shows the amount of total FAS expression. C, the
effect of Orlistat on cellular fatty acid synthesis was gauged by meas-

0 075 3.0 125 25

linked to tumor cell proliferation (18), making it an attractive thera-
peutic target. A functional connection between FAS and tumor cell
proliferation was originally suggested by work with the fungal prod-
uct cerulenin and its synthetic derivative c¢75. These compounds
inhibit the ketoacyl synthase domain of FAS, the first enzymatic
pocket in the enzyme (19, 20), and have shown some promise as
antitumor agents (8, 20-22).

We capitalized on the fact that FP-TAMRA reacts with the active
site of the thioesterase domain of FAS to screen for alternative
inhibitors of this enzyme. Three derivatives of natural products, each
containing a $3-lactone moiety, were tested for the ability to block
activity-based labeling of FAS. These are ebelactones A and B, and
tetrahydrolipstatin, which is also known as Orlistat and is marketed as
Xenical (Fig. 1). The B-lactone can undergo nucleophilic attack on the
carbonyl carbon of the lactone ring by the active site serine of the
esterase, yielding a covalent adduct between enzyme and inhibitor
(23). All three of the compounds inhibit the thioesterase of FAS (Fig.
2, right panel, lanes 10-12), but only Orlistat is selective for FAS in
tumor cells. Orlistat is a drug approved and widely used for weight
management in obese patients (24). The effectiveness of Orlistat in
obesity is conferred by the ability of the drug to inhibit pancreatic
lipase in the gastrointestinal tract, thereby preventing uptake of dietary
fat. The inhibition of FAS by Orlistat has never been reported and is
not believed to be relevant to its mode of action in weight loss.

To characterize the effects of Orlistat on FAS in intact cells, we
measured the ability of the compound to inhibit the activity of FAS in
whole cells. PC-3 cells were treated with a range of Orlistat, and the
level of FAS thioesterase function was measured with a membrane-
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permeable activity-based probe, FP-BODIPY. Orlistat caused a con-
centration-dependent inhibition of labeling of FAS by FP-BODIPY
(Fig. 3A), indicating that Orlistat inhibits FAS in intact cells. Orlistat
had no effect on the abundance of FAS, which was measured from the
same treated samples by Western blot. The identity of the labeled FAS
was confirmed by immune-precipitating the complex between FP-
TAMRA and FAS with an antibody specific for the enzyme (Fig. 3B).
The effects of Orlistat on cellular fatty acid synthesis were gauged by
measuring the incorporation of ['*Clacetate into fatty acids. Saturat-
ing levels of Orlistat (30 um) reduced cellular fatty acid synthesis by
~75% within 30 min (Fig. 3C). Moreover, Orlistat blocked the
labeling of the active site serine of the recombinant thioesterase
domain of FAS by FP-PEG-TAMRA (Fig. 3D), proving that this
enzymatic domain of FAS is a target for Orlistat. Because Orlistat is
a tight-binding irreversible inhibitor, we cannot define its precise
affinity for FAS. However, the results in Fig. 2D, and similar results
obtained on whole FAS in cell lysates (not shown), suggest that the
apparent K, of Orlistat for FAS is near 100 nm. When treating whole
cells, however, higher concentrations of the compound were neces-
sary to achieve nearly complete inhibition of the enzyme (Fig. 3A).
Orlistat has similar effects on FAS and on fatty acid synthesis in other
PCa lines, as well as in colon and breast cancer cell lines (data not
shown).

Orlistat induced a pronounced antiproliferative effect in the PC-3
cell line and exhibited a slight effect on the androgen-dependent
LNCaP cells. The compound had little effect on the DU-145 cells or
the normal PrEC cells in the 48-h time period of the measurement
(Fig. 4A). The inhibitory effects of Orlistat on the proliferation of
PC-3 cells were reversed by addition of palmitate, the end product of
FAS (Fig. 4B). This observation strongly indicates that decreased
proliferation results from inhibition of FAS by Orlistat.

We have observed that Orlistat has potent antiproliferative effects
on many other tumor cell lines, including cells derived from breast
(MDA-MB-435 and MDA-MB-231) and colon (Caco-2 and SW480)
cancer. In virtually all of the cases, tumor cells are more sensitive to
Orlistat over normal epithelial cells and fibroblasts. Yet, as observed
here with PCa cells, variance in the sensitivity of tumor cells to
Orlistat is observed (data not shown). The mechanisms underlying
these differences are not entirely clear and are currently under inves-
tigation. The antitumor activity of anti-FAS compounds has been
linked to hormone-dependence (25), PTEN status (26), and Her-2
status (27). Consequently, the sum total of these signaling pathways in
any single tumor may ultimately define sensitivity to a FAS blockade.

Orlistat also induced tumor cell apoptosis, but again the sensitivity
of the individual tumor cell lines to the compound was somewhat
different (Fig. 5A). When cell death was assessed at 24 h by meas-
uring DNA fragmentation (Roche Cell Death ELISA), the PC-3 and
LNCaP cells exhibited substantial levels of cell death. At this time
point, however, only a modest effect was observed on death of the
DU-145 cells. Orlistat was without effect on death of human foreskin
fibroblasts or normal PrECs. This finding is consistent with reports
that FAS has little, if any, role in apoptosis in normal cells (18).
Prolonged exposure (72 h) of each tumor cell line to Orlistat resulted
in cleavage of poly(ADP-ribose) polymerase, another marker of apo-
ptosis (Fig. 5B). In this and other apoptosis assays (e.g., staining of
annexin on the cell surface), we have yet to observe significant effects
of Orlistat (1-25 M) on fibroblasts, normal PrECs, or normal mam-
mary epithelial cells (data not shown). As with cell proliferation, the
effects of Orlistat on apoptosis were also reversed by the addition of
palmitate (Fig. 5C).

The effects of Orlistat on tumor growth in vivo were tested in a
xenograft model with the PC-3 cells. Tumors were grown to ~100
mm? in the flank of nude mice, at which time Orlistat was adminis-
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Fig. 4. Odistat inhibits tumor cell proliferation. A, the effect of Orlistat on prolifera-
tion of prostate cancer cells was measured by the incorporation of bromodeoxyuridine
(BrdUrd). PC-3 (@), LNCap (M), DU-145 (A), and PrEC cells (#) were seeded as
subconfluent monolayers into microtiter plates. Cells were exposed to Orlistat for 32 h,
then a BrdUrd labeling solution was added to the wells. BrdUrd incorporation was
measured according to the manufacturer’s protocol (Roche Cell Proliferation ELISA).
Proliferation is expressed as a percentage of proliferation in untreated cells. B, the ability
of palmitate to rescue cells from Orlistat-induced growth arrest was tested with PC-3 cells.
Along with Orlistat, cells were incubated with 0 (#),3.25 um (M), 7.5 puM (A), and 15
pM (@) palmitate. BrdUrd incorporation was measured according to the manufacturer’s
protocol (Roche Cell Proliferation ELISA).

tered via i.p. injection (240 mg/kg/day). When compared with vehicle
injection, Orlistat prevented the growth of PC-3 tumors (Fig. 6). In
five separate experiments such as that shown in Fig. 6, tumor growth
was blocked by 63%, 62%, 46%, 41%, and 16%. All of the differences
were statistically significant in ¢ tests with Ps < 0.05. Animals
exhibited no outward signs of toxicity, experienced no loss of weight,
nor were there any effects of Orlistat (240 mg/kg/day) on hematocrit
or WBC levels (data not shown).

A pharmacokinetic analysis of Orlistat (155 mg/kg) administered
by i.p. injection showed peak blood levels to be ~10 um 2 h after
dosing (data not shown). Beyond this time, blood levels of the drug
decayed rapidly. Although the cost of a pharmacokinetic analysis at
240 mg/kg was prohibitive, it is unlikely that blood levels reached
much beyond 16 pMm, and the half-life is expected to be the same.
Altogether then, the peak blood levels at the dose of 240 mg/kg =16
um) are likely to be just above the dose of Orlistat required to affect
tumor cells (1-6 um). These parameters are generally consistent with
the level of growth inhibition that we observe in vivo.

Altogether, the findings presented here, and results from our larger
survey of a number of tumor and normal cell lines (data not shown),
lead to the following conclusions: (a) Orlistat is a novel inhibitor of
the thioesterase activity of FAS, and by virtue of this property, Orlistat
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can block cellular fatty acid synthesis; (b) Orlistat can interfere with
prostate tumor cell proliferation; (¢) Orlistat selectively induces apo-
ptosis in prostate tumor cells; (d) tumor cells have various levels of
sensitivity to Orlistat; and (e) Orlistat inhibits growth of PC-3 xe-
nograft tumors in vivo.

As with any compound, off-target activity is always a confounding
issue. In fact, one reason why we chose to include Orlistat in our study
was to determine whether Orlistat had targets other than pancreatic
lipase. Nevertheless, the overwhelming body of evidence in this report
indicates that the effects of Orlistat on tumor cells are elicited through
its inhibition of FAS. Activity-based screening in numerous tumor
cells has revealed no other target for Orlistat than FAS. Furthermore,
the concentrations of Orlistat that elicit cytostatic and cytotoxic ef-
fects are very close to the cellular ICs,, for the inhibition by Orlistat of
FAS. Additional support for this conclusion is drawn from our finding
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Fig. 5. Orlistat induces tumor cell death. A, PC-3, LNCaP, DU-145, normal prostate
epithelial cells (PrECs), and normal foreskin fibroblasts cells were exposed to Orlistat
(12.5 pm) for 48 h. Tumor cell death was measured with the Cell Death Detection ELISA
(Roche), which measures DNA fragments within immunocaptured nucleosomes. DNA
fragmentation was assessed by measuring A,s-A400. The level of cell death is plotted as
a percentage of staurosporine induced death. B, LNCaP, DU-145, and PC-3 cells were
cultured with Orlistat (12.5 ) for 72 h, with Staurosporine (S7) as a positive control for
induction of cell death, or in medium without any stimulus (C). After incubation, cell
extracts were generated and subjected to Western analysis using antibodies selective for
the cleaved form of poly(ADP-ribose) polymerase. C, PC-3 cells were treated across a
concentration range of Orlistat. Concurrently, cells were suppl d with palmi
Control cells (@) received no palmitate. Test cells were treated with 1.8 M (A), 3.75 um
(W), or 7.5 pum (#) palmitate. After a 48-h treatment, cell death was measured with the
Cell Death Detection ELISA (Roche).
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Fig. 6. Orlistat inhibits growth of PC-3 tumors in vivo. The effect of Orlistat on growth
of PC-3 tumors in nude mice was assessed with a staged model. PC-3 cells (1 X 10°) were
injected into the flank of nude mice. Tumors were allowed to grow until they reached a
size of ~100 mm?, at which time administration of Orlistat (@) or vehicle (M) was
initiated in separate sets of 8 mice. Orlistat was administered at 240 mg/kg/day for a
period of 3 weeks. This experiment is representative of four repetitions. The differences
in mean tumor volume of the drug versus vehicle groups were statistically significant at
every time point with the final measurement at day 28 having a P of 0.02 in a paired 7 test,
assuming unequal variance; bars, *+SD.
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that Orlistat directly inhibits the recombinant thioesterase domain of
FAS. Finally, palmitate, the end product of FAS, rescues PC-3 cells
from the antiproliferative and proapoptotic effects of the compound.
This conclusion is also strongly supported by reports in the literature
showing that FAS is misregulated in tumors (13) and that c¢75, an
antagonist of the ketoacyl synthase domain, has antitumor activity (8,
20, 22). Finally, recent studies show that silencing of FAS in tumor
cells with small interfering RNA induces apoptosis in PCa cells (28).
Although we cannot exclude the possibility that Orlistat has some
other target, the simplest interpretation of the data presented here is
that Orlistat acts by inhibiting FAS.

Orlistat has minimal effects on the normal cells we have tested,
suggesting that the compound could have therapeutic index sufficient
for antitumor therapy. Orlistat also represents an alternative to ceru-
lenin or ¢75, which inhibits the ketoacyl synthase domain of the
enzyme but also interacts with carnitine palmitoyl transferase (29). In
its approved formulation, however, Orlistat is administered orally.
Because of its extremely low oral bioavailability, the effects of Orl-
istat are largely confined to the gastrointestinal tract, where it inacti-
vates pancreatic lipase (24). Therefore, the formulation and route of
delivery would have to be changed to treat tumors of the breast,
prostate, and so on. One cannot exclude the possibility that the oral
formulation of Orlistat could be useful in treating tumors of the
gastrointestinal tract, such as colon cancer. We have found Orlistat to
block FAS and induce apoptosis in a number of colon cancer lines,*
so treating patients at high risk for colon cancer in a prophylactic
manner could be considered.

The potential for synthesizing more potent or bioavailable variants
of Orlistat is high. Orlistat is one of a class of compounds containing
areactive B-lactone. Other compounds in this class include the natural
products ebelactones A and B, some inhibitors of HMG CoA synthase
(30), and panclicin D, a synthetic inhibitor of pancreatic lipase (31).
Given the relatively broad inhibition profile of ebelactones A and B
against serine hydrolases (Fig. 2) and the demonstration that synthetic
routes are available for creation of variants of Orlistat (30), a more
in-depth evaluation of B-lactones as serine hydrolase antagonists and
as antitumor agents is warranted.

3 F. Axelrod. Orlistat as an Anti-Tumor Agent for Colorectal Cancer, manuscript in
preparation.
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Finally, the identification of the ability of Orlistat to inhibit the
thioesterase domain of FAS was made possible by the application of
activity-based profiling. The analysis we performed involved a screen
of only three B-lactones against slightly >35 different serine hydro-
lases. Even within this small test set, a novel target and indication
were identified for an approved drug. It is reasonable to believe that
a high throughput version of such a screen could drive decision-
making in drug development. Information from such screens could
lead to the identification of more selective leads much earlier in
development. As in the case of this report, such an analysis might also
point toward unanticipated targets and indications for other drugs.
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In eukaryotes, fatty acid synthase (FAS) is the enzyme
responsible for synthesis of palmitate, the precursor of
long-chain nonessential fatty acids. FAS is up-regulated
in a wide range of cancers and has been suggested as a
relevant drug target. Here, two independent approaches
are taken toward knocking down FAS and then probing
its connection to tumor cell proliferation. In one ap-
proach, Orlistat, a drug approved for treating obesity, is
used as a potent inhibitor of the thioesterase function of
FAS. In a separate strategy, the expression of FAS is
suppressed by targeted knock-down with small interfer-
ing RNA. In both circumstances, the ablation of FAS
activity causes a dramatic down-regulation of Skp2, a
component of the E3 ubiquitin ligase that controls the
turnover of p27%i®!, These effects ultimately tie into the
retinoblastoma protein pathway and lead to a cell-cycle
arrest at the G,/S boundary. Altogether, the findings of
the study reveal unappreciated links between fatty acid
synthase and ubiquitin-dependent proteolysis of cell-
cycle regulatory proteins.

Breast cancer is the second-leading cause of cancer death
and morbidity for women in the United States (1, 2). Although
advances in early detection and treatment have led to a decline
in mortality, the survival rate for patients with advanced-stage
breast cancer is still low (1). Consequently, there is still a great
need to identify and validate new molecular targets for antitu-
mor therapy. This study focuses on mammary carcinoma,
where fatty acid synthase (FAS)' has attracted considerable
attention as a potential drug target. Much of the interest in
FAS stems from the fact that the enzyme is up-regulated in
about 50% of breast cancers and is an indicator of poor prog-
nosis (3-7).

FAS is the enzyme responsible for cellular synthesis of
palmitate, the precursor of long-chain nonessential fatty acids
(8—11). FAS, which contains seven separate enzymatic pockets,
is situated as a head-to-tail dimer with the ketoacyl synthase
and malonyl/acetyl transferase domains of one monomer work-
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ing together with the dehydratase, enoyl reductase, ketoacyl
reductase, acyl carrier protein, and thioesterase domains on
the adjacent monomer (8—11). These enzymatic domains act
sequentially to condense acetyl-CoA with malonyl-CoA to form
a four-carbon intermediate. Six additional turns of the cycle of
the enzyme convert this intermediate to palmitate, which is
then liberated from FAS by the action of the thioesterase do-
main (12).

Because FAS functions as a head-to-tail dimer, targeted in-
hibition of one of the enzymatic domains of FAS can ablate the
activity of one or both FAS subunits (10, 11). Cerulenin, a
natural product, is an antagonist of the ketoacyl synthase
domain (the condensing enzyme) of FAS and functions by co-
valently modifying the active site cysteine, resulting in dead-
end inhibition (13). ¢75, a synthetic analog of cerulenin, also
targets the condensing enzyme and inhibits fatty acid synthe-
sis (14). The inhibition of FAS by either cerulenin or ¢75 can
suppress tumor cell proliferation and, in some cases, can induce
tumor cell apoptosis (14-20). These observations support the
contention that FAS is a relevant drug target in oncology.
However, both cerulenin and ¢75 are now known to have other
molecular targets (21-23), so searches for additional antago-
nists of FAS with better selectivity and distinet mechanisms of
action are certainly warranted.

We recently reported (24) that Orlistat, a drug approved for
treating obesity, is a rather potent and selective inhibitor of
FAS in prostate carcinoma cells. The drug elicits its effects by
inhibiting the thioesterase domain of FAS, which is responsible
for releasing palmitate from the acyl carrier protein of the
enzyme. By virtue of this activity, Orlistat slowed the growth of
xenograft tumors of PC-3 prostate carcinoma cells in mice (24).
The objective of the present study was two-fold. First, we
sought to use an independent strategy to confirm that the
antiproliferative effects of Orlistat result from inhibition of
FAS. Second, we sought to elucidate the mechanism by which a
FAS blockade interferes with tumor cell proliferation. Both
Orlistat and small interfering RNA (siRNA)-targeting FAS
cause a dramatic down-regulation of Skp2, a component of an
E3 ubiquitin ligase that tags p27™®! for degradation by the
proteasome. These findings mechanistically connect two bio-
chemical pathways being explored as drug targets in cancer,
fatty acid biosynthesis, and ubiquitin-dependent proteolysis.

MATERIALS AND METHODS

Cell Lines—The MDA-MB-435 cell line was obtained from Janet
Price at the University of Texas Southwestern Medical Center. MDA-
MB-231 and MCF7 were purchased from American Type Culture Col-
lection (Manassas, VA). Tumor cells were maintained in minimal Ea-
gle’s media, Earle’s salts (Irvine Scientific, Santa Ana, CA)
supplemented with 10% fetal bovine serum (Irvine Scientific), 2 mM
L-glutamine (Invitrogen), minimal Eagle’s media vitamins (Invitrogen),
nonessential amino acids (Irvine Scientific) and antibiotics (Omega
Scientific, Inc., Tarzana, CA).

This paper is available on line at http://www.jbc.org
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Profiling Serine Hydrolase Activity in Mammary Epithelial Cells—
Cultured cells were washed with ice-cold phosphate-buffered saline
(PBS), harvested with a cell scraper, and collected by centrifugation.
Cell pellets were resuspended in 50 mM Tris-HCI (pH 8.0) and lysed by
sonication as described previously (25, 26). The soluble and insoluble
cell fractions were separated by ultracentrifugation at 64,000 rpm for
1 h at 4 °C. Protein concentrations were determined by using the BCA
assay kit from Pierce. The resulting extracts were diluted in lysis buffer
to yield a 1 mg/ml final protein concentration.

The fluorophosphonate probes FP-PEG-TAMRA (fluorophosphonate-
poly-ethyleneglycol-tetramethyl rhodamine), FP-PEG-BODIPY, and
FP-PEG-biotin were synthesized and generously provided by Activx
Biosciences (La Jolla, CA). Serine hydrolase activity was examined by
incubating the soluble cell fractions (40 wl) with FP-PEG-TAMRA (2
uMm) for 1 h at room temperature. Nonspecific labeling was monitored by
denaturing samples for 10 min at 100 °C prior to labeling with FP-PEG-
TAMRA. The reaction was terminated by the addition of 2X Laemmli
sample buffer, boiled for 5 min, and resolved by SDS-10% PAGE.
Fluorescent-labeled hydrolases were visualized at 605 nm using a Hi-
tachi flatbed scanner and quantitated with Image Analysis (MiraiBio,
Alameda, CA).

Purification and Identification of Serine Hydrolases by Avidin-biotin
Affinity Chromatography and Matrix-assisted Laser Desorption Ioniza-
tion Time-of-flight (MALDI-TOF) Mass Spectrometry—Serine hydro-
lases were identified using the FP-PEG-biotin probe (26). Briefly, cell
lysates were preabsorbed with avidin-agarose to reduce nonspecific
binding of proteins during purification. Lysates were labeled with FP-
PEG-biotin (5 uM) at room temperature for 1 h, after which proteins
were separated from unincorporated FP-PEG-biotin by gel filtration on
Nap 25 columns. After the addition of 0.5% SDS, the eluate was boiled
for 10 min to denature proteins. Samples were diluted with 50 mm Tris
(pH 7.5) and 150 mM NaCl and absorbed with avidin-agarose for 1 h at
room temperature. Avidin-agarose beads were pelleted by centrifuga-
tion and washed 8x with 50 mwm Tris (pH 7.5), 150 mM NaCl, and 1%
Tween 20. Labeled proteins were eluted with 2X sample buffer, re-
solved by SDS-10% PAGE, and detected by silver staining. Specific
bands were extracted and subjected to in-gel trypsin digestion and
peptide mass fingerprinting with MALDI-TOF using methods described
previously (27, 28).

Inhibition of Serine Hydrolase Activity with Orlistat—Orlistat was
extracted from Xenical™ capsules (Roche Applied Science) by solubi-
lizing each pill in 1 ml of ethanol. Insoluble product was removed by
centrifugation (14,000 rpm for 5 min). The supernatant yielded a solu-
tion of Orlistat (250 mm), which was aliquoted and stored at —80 °C.
Soluble cell extracts (40 wl) were incubated with Orlistat (0—1 um) for
20 min prior to FP-PEG-TAMRA addition. Lysates were labeled with
FP-PEG-TAMRA, and reactions were terminated and processed as de-
scribed above. The final concentration of Me,SO or ethanol in each
reaction was 10%.

Gene Silencing Using siRNA—FAS siRNA sequences corresponding
to 5'-CAA CTA CGG CTT TGC CAA T (nucleotides 6213-6231), 5'-GCA
ACT CAC GCT CCG GAA A (nucleotides 6657-6675), 5'-GCC CTG
AGC TGG ACT ACT T (nucleotides 6146—6164), and 5'-GGT ATG CGA
CGG GAA AGT A (nucleotides 7515-7533) were custom designed and
pooled together by Dharmacon (Lafayette, CO). MDA-MB-435 cells
were plated at 3.125 X 10*cm? in 6-cm plates for 24 h prior to trans-
fection with 100 nm FAS, Skp2 (Dharmacon Smartpool M-003324-01)
or scrambled control (Dharmacon D-001206-13) siRNA in Opti-MEM
medium (Invitrogen) using Lipofect AMINE 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. Cells were placed into
normal culture medium 6 h post-transfection and grown for an addi-
tional 42 h.

Fatty Acid Biosynthesis—The incorporation of [**C]lmalonyl CoA into
cellular fatty acids was measured according to published methods (15).
Briefly, MDA-MB-435 cells were harvested with a cell scraper and
centrifuged at 2,000 rpm for 5 min and then frozen at —80 °C. Cell
pellets were hypotonically lysed in 20 mM Tris (pH 7.5), 1 mMm dithio-
threitol, and 1 mmM EDTA, and insoluble material was removed by
centrifugation (14,000 rpm) for 15 min at 4 °C. Lysates (380 pg) were
exposed to Orlistat (0.1-10 uMm) or vehicle at 25 °C for 1 h. Lysates in
80-ul volumes were added to 520 ul of solution containing 581 uMm
NADPH, 193 um acetyl CoA, and 116 mm KCI (pH 6.6). Reactions were
mixed with 0.4 uCi [2-'*C]malonyl CoA (Amersham Biosciences) for 25
min at 37 °C. Cold malonyl CoA (208 uM) was added to reaction mix-
tures, which were incubated for an additional 15 min at 37 °C. Reac-
tions were terminated by the addition of chloroform:methanol (1:1). The
chloroform extracts were dried under N, and extracted with water-
saturated butanol. The butanol extract was evaporated under N,, and

30541
Cell Line 435 231 MCF7
Pre-heat + o + - + -
44— FAS
200
} Dipeptide peptidases
97
¢ N-acyl peptide hydrolase
o 4 Pprolyl oligopeptidase
45 “4— Peroxisomal long-chain
acyl-CoA thioesterase
3
Serine proteases and
epoxide hydrolases

4 Lysophospholipase-1

F1G. 1. Serine hydrolase profile of mammary carcinoma cells.
Cell lysates were generated from three breast cancer cell lines (MDA-
MB-435, MDA-MB-231, and MCF7). Lysates were labeled with FP-
PEG-TAMRA to tag active serine hydrolases (lanes marked with —).
Nonspecific labeling with the probe was measured in samples that were
boiled prior to the addition of FP-PEG-TAMRA (lanes marked with +).

labeled fatty acids were quantified by scintillation counting. The iden-
tity of the labeled fatty acid was verified by comparison to a palmitate
standard on thin layer chromatography. Briefly, lipid extracts from
Orlistat and vehicle-treated lysates of MDA-MB-435 cells were resus-
pended in 40 pl of chloroform, spotted on silica gel (EM Science), and
chromatographed in hexane/diethyl ether/acetic acid (45:5:1). Tritiated
palmitate (PerkinElmer Life Sciences) and cold palmitate (Sigma) were
used as standards. Chromatographed lipids were detected by exposing
the plate in iodine vapor and on Biomax film (Kodak).

Cell Proliferation Assays—Cells were plated at 6.25 X 10*/cm? in
96-well plates for 24 h. Cells were washed with PBS and incubated in
serum-free RPMI 1640 medium for 24 h prior to the addition of
Orlistat (0—-100 uM). Cell proliferation was measured 72 h later using
the cell proliferation BrdU ELISA kit (Roche) according to the man-
ufacturer’s directions.

Cell Synchronization and Cell-cycle Analysis—Tumor cells were
plated at 6.25 X 10*/cm* in 6-well plates for 24 h, washed with PBS, and
serum-starved for an additional 24 h. M phase synchronization was
achieved by treating cells with 100 nM nocodazole (Sigma) for 16 h.
Synchronized cells were treated with Orlistat (0-50 uM) immediately
after release from the block and harvested at various times over 24 h.
Cells were collected by trypsinization, rinsed in cold PBS, fixed in 70%
ethanol, and stored at —20 °C. Cellular DNA was stained by the addi-
tion of PBS containing 200 units/ml of RNase (Roche) and 18 ug/ml of
propidium iodide (Molecular Probes, Eugene, OR). Fluorescence was
monitored on 15,000 cells per sample using a BD FACSort tabletop
cytometer (BD Biosciences). Data were analyzed with Modfit LT soft-
ware (Verity Software House, Topsham, ME).

Western Blot Analysis—Cells were synchronized with nocodazole,
treated with Orlistat (0-50 uM), harvested by trypsinization, and
rinsed with PBS. Pellets were lysed in 2X SDS sample buffer, passed 20
times through an 18-gauge needle, boiled for 5 min, and stored at
—80 °C. Insoluble material was removed by centrifugation (14,000 rpm)
for 10 min at 4 °C, and protein was separated by SDS-PAGE. After
electrophoresis, protein was transferred onto nitrocellulose and probed
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Fic. 2. Orlistat inhibits tumor cell
proliferation by blocking G,/S pro-
gression. A, the effect of Orlistat on cell
proliferation was monitored by meas-
uring bromodeoxyuridine incorporation
into cellular DNA. MDA-MB-435, MDA-
MB-231, and MCF7 cells were exposed to
Orlistat (0-100 uMm) for 72 h and moni-
tored for DNA synthesis during the final
24 h of treatment. Cell growth is normal-
ized to untreated controls and expressed
as a percentage of proliferation. Values
are means + S.E. of four replicates per
treatment. B, MDA-MB-435 cells were
synchronized in the M phase using no-
codazole. After nocodazole removal and
refeeding with fresh media at time 0, cells
were exposed to 50 uMm Orlistat (upper
panel) or vehicle control (lower panel) and
analyzed at various time points during a
24-h period. The distribution of cells in
different phases of the cell cycle was mon-
itored as a function of time using flow
cytometry. The panels show representa-
tive flow cytometry profiles obtained from
two experiments.

BrdU Incorporation (% Control)

overnight at 4 °C with anti-FAS (BD Transduction Laboratories, San
Jose, CA), anti-p27 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
B-tubulin (Santa Cruz Biotechnology), anti-Rb (Santa Cruz Biotechnol-
ogy), anti-phospho-Rb (Ser-780; Cell Signaling Technology, Beverly,
MA), anti-phospho-Rb (Ser-795; Cell Signaling Technology), anti-phos-
pho-Rb (Ser-907/811; Cell Signaling Technology), and anti-p45 Skp2
(Zymed Laboratories, Inc., South San Francisco, CA). Immunoreactiv-
ity was detected by using anti-mouse or anti-rabbit IgG-conjugated
peroxidase and visualized by enhanced chemiluminescence.

RESULTS

Serine Hydrolase Profile of Normal and Neoplastic Mam-
mary Epithelial Cells—Activity-based protein profiling was
used to visualize the profile of active serine hydrolases present
in mammary carcinoma cells. We used an activity-based probe
of serine hydrolases consisting of a fluorophosphonate moiety
linked to tetramethyl rhodamine (FP-PEG-TAMRA). The flu-
orophosphonate warhead tags the active site serine of serine
hydrolases, forming an adduct that is stable to SDS gel elec-
trophoresis (29). Activity profiles of three human breast cancer
cell lines, MCF7, MDA-MB-231, and MDA-MB-435, were com-
pared (Fig. 1). In each case, more than 20 active serine hydro-
lases were detected as fluorescent bands on the SDS gel. Pre-
heating the sample to denature the enzymes in the lysate
eliminated reaction with the FP-PEG-TAMRA probe. The iden-
tity of many of these enzymes was determined with mass
spectrometry. They included, among others, dipeptidyl pepti-
dases 7 and 9, prolyloligopeptidase, lysophospholipase-1,
and FAS.

Orlistat Suppresses Tumor Cell Proliferation by Interfering
with G,/S Progression—Our previous work (24) showed that

20 40 60 80
Orlistat [M]

12 16
Incubation time (h)

Orlistat inhibits FAS in prostate carcinoma cells and that such
inhibition slows their growth in vivo. Given the presence of
FAS in mammary carcinoma cells (Fig. 1), we conducted stud-
ies to determine whether Orlistat would inhibit their prolifer-
ation. Studies were conducted to determine whether Orlistat
interferes with the proliferation of mammary carcinoma cells.
Cells were incubated with Orlistat for 72 h, and DNA synthesis
was measured by incorporation of bromodeoxyuridine. Orlistat
inhibited proliferation of the MCF7, MDA-MB-231, and MDA-
MB-435 cell lines (Fig. 24). Slight differences were observed in
the response of each cell line to Orlistat. Although proliferation
of the MDA-MB-231 cells was completely inhibited by Orlistat,
proliferation of the MDA-MB-435 cells was knocked down by
70-80%, and proliferation of the MCF7 cells was suppressed
by ~50%.

To determine the effect of Orlistat on cell-cycle progression,
we used synchronized cultures of MDA-MB-435 cells. Cells
were synchronized in the M phase using a nocodazole block.
After release of the block, cells were exposed to a saturating
concentration of Orlistat and analyzed for the distribution of
cells in the G; and S phases every 4 h by flow cytometry.
Orlistat dramatically slowed the entry of the cells into S phase
compared with untreated cells (Fig. 2B). The amplitude of the
G, peak in Orlistat-treated cells declines slowly after a period
of several hours. This decline in the G, population results
partially from apoptosis? and also partially because the block-
ade is leaky. Similar results were obtained when cells were

2 L. M. Knowles and J. W. Smith, unpublished observation.
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panel). B, the effect of siRNA-targeting
FAS was gauged by transfecting MDA-
MB-435 cells with FAS siRNA, scrambled
siRNA, or only LipofectAMINE reagent.
The level of FAS protein was measured by
Western blotting (left panel), and the level
of active FAS thioesterase was gauged
with the activity-based probe FP-PEG-
TAMRA (right panel). C, the effect of Or-
listat on the synthesis of palmitate was
measured in lysates of MDA-MB-435 cells
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synchronized at the G,/S border using thymidine, released
from the block, and allowed to progress through the next cell
cycle (data not shown).

Orlistat and Anti-FAS siRNA Block Fatty Acid Biosynthe-
sis—We sought an independent means of inhibiting FAS to
solidify the role of this enzyme in regulating tumor cell prolif-
eration, Therefore, we compared Orlistat and siRNA-targeting
FAS for the ability to knock down the activity of the enzyme in
MDA-MB-435 mammary carcinoma cells (Fig. 3). As expected,
Orlistat was without effect upon the level of FAS (Fig. 34, left
panel) but did ablate the activity of the thioesterase domain as
indicated with the activity-based probe FP-PEG-TAMRA (Fig.
3A, right panel). The siRNA-targeting FAS reduced the level of
FAS protein (Fig. 3B, left panel) and thereby reduced the la-
beling of the enzyme with the activity-based probe (Fig. 3B,
right panel). Both antagonists also blocked the synthesis of
palmitate, the end product of FAS, as indicated by reductions to
the incorporation of [**C]malonyl CoA into fatty acids (Fig. 8, C
and D).

An FAS Blockade Alters the Key Regulatory Steps in the
Retinoblastoma Protein Pathway—We examined the effects of
a FAS blockade on key regulatory steps in the retinoblastoma
protein (Rb) protein pathway, a primary regulator of the G,/S
transition (30). This analysis included measures of (i) the phos-
phorylation status of Rb, a parameter that governs the inter-
action of this protein with E2F-1 and subsequent entry into S
phase (30); (ii) p27%P! which negatively regulates cyclin-de-
pendent kinase activity (31); and (7ii) Skp2, a protein compo-
nent of the E3 ubiquitin ligase that regulates degradation of
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p27%PL (32). The effect of a concentration range of Orlistat on
each of these parameters was measured by Western blotting
(Fig. 4A). Orlistat reduced phosphorylation of the Rb protein,
up-regulated p27¥®*, and down-regulated Skp2. These effects
were evident at levels of the drug consistent with the cellular
ICy, of Orlistat for inhibition of the FAS thioesterase (~1-3
uM). To independently verify that the effects of Orlistat could
be attributed to its ability to block FAS, similar experiments
were conducted with siRNA-targeting FAS (Fig. 4B). Like Or-
listat, the siRNA-targeting FAS decreased the phosphorylation
of Rb, increased the level of p27¥!, and reduced the level of
Skp2. An siRNA-targeting Skp2 had identical effects upon its
downstream target, p27¥®*, and upon the phosphorylation sta-
tus of the Rb protein. Together, these findings provide strong
support for the idea that a FAS blockade acts upon the Rb
pathway via regulation of Skp2 and also indicate that a FAS
blockade is likely to have effects similar to an Skp2 blockade.

DISCUSSION

Results from this study reinforce the idea that FAS is a
relevant drug target in oncology and further support the notion
that FAS is the relevant target for Orlistat in tumor cells. The
inhibitory effects of Orlistat on FAS are rather unexpected,
because the drug has been studied for more than 15 years with
no mention of the effects upon fatty acid synthesis. The effects
of the drug on FAS are likely to have been overlooked because
Orlistat is administered orally but is not significantly absorbed
into the bloodstream. The drug acts in preventing absorption of
dietary fat by inhibiting pancreatic lipase (another serine hy-
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F1G. 4. Inhibition of FAS leads to down-regulation of Skp2. A,
the effect of Orlistat on Rb phosphorylation and on the levels of
p27%*! and Skp2 was measured in nocodazole-synchronized MDA-
MB-435 cells. Cells were exposed to a range of Orlistat for 20 h, lysed,
and subjected to analysis by Western blotting. B, the effect of siRNA-
targeting FAS or Skp2 on Rb phosphorylation, and the levels of
p27%iP! were measured in MDA-MB-435 cells. Following a 48-h incu-
bation after transfection with siRNA, cells were lysed and samples
were analyzed by Western blotting.

drolase) in the digestive tract (33, 34). The results of the pres-
ent study indicate that Orlistat and other B-lactones should be
considered to be a promising class of thioesterase antagonists
that could be exploited for antitumor therapy.

The evidence supporting the conclusion that the antiprolif-
erative effects of Orlistat are mediated by inhibition of FAS is
as follows: first, our activity-based protein-profiling experi-
ments indicate that FAS is the only serine hydrolase target for
Orlistat in the breast cancer cell lines. We have noted three
other bands with M, ~ 90-150 kDa that are also inhibited by
Orlistat, but these seem to be breakdown products of FAS
because they can be immunoprecipitated with anti-FAS anti-
body and because they are knocked down with siRNA-targeting
FAS (see Fig. 3B). Second, Orlistat blocks the incorporation of
[**C]malonyl CoA into palmitate, a biosynthetic reaction medi-
ated by FAS. Third, the effects of Orlistat on tumor cell prolif-
eration and regulation of Rb, p27%! and Skp2 all occur at
concentrations of the drug that approximate its cellular ICg,
for FAS (between 1 and 3 pum). Fourth, our prior work shows
that Orlistat directly inhibits the activity of the recombinant
thioesterase of FAS (24). Fifth, the effects of Orlistat on tumor
cell proliferation and on regulation of Rb and p27**! are mim-
icked by siRNA-targeting FAS.

The present study also provides a new insight into the mech-
anisms underlying the connection between FAS and tumor cell
proliferation. Orlistat arrests the cell cycle at the G,/S transi-
tion. This effect was noted in all breast cancer cells we tested,
along with tumor cells derived from the prostate (not shown).
These findings suggest that the block in G,/S progression is a
common mechanism mediating the antiproliferative effects of
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Orlistat. Substantial decreases in DNA synthesis have likewise
been noted in response to cerulenin and ¢75, other antagonists
of FAS (19).

The G,/S cell-cycle arrest elicited by a FAS blockade is me-
diated through the Rb pathway. Cells treated with either Orl-
istat or siRNA-targeting FAS show decreased phosphorylation
of Rb and increased levels of the complex between Rb and
E2F-1 (data not shown). The increased association of these two
proteins prevents the transcriptional activity of E2F-1 essen-
tial for entry into S phase. We have traced the effects of a FAS
blockade upstream of Rb and found such a blockade to alter the
levels of p27%®! and Skp2. p27%*®! acts as a negative regulator
of the cyclin-dependent kinases that ultimately phosphorylate
Rb and, therefore, p27%®! acts as a negative regulator of G,/S
transition (35). Inhibition of FAS led to increases in p27%®!
protein levels without affecting its transcription (data not
shown), indicating a stabilization of p27%, Interestingly, in-
hibition of FAS also substantially reduces the levels of Skp2, an
F-box protein essential for proteasome degradation of p27%iP!,
Like siRNA-targeting FAS, an siRNA-targeting Skp2 also in-
creased p27%P! Jevels and blocked phosphorylation of Rb. Con-
sequently, we conclude that inhibition of FAS acts upstream of
the proteasome to control p27%®! levels and ultimately blocks
cell-cycle progression. The mechanistic connections between
the FAS blockade by Orlistat and reductions in Skp2 are the
subject of current investigations.

The observations in this report are different from prior work
in which cerulenin and ¢75 were employed as FAS inhibitors.
These compounds block both G,/S and G,/M progression (16,
19, 36). We found no evidence that FAS blockade with Orlistat
affected the Go/M transition point. There are two potential
explanations for this difference in effect. One possibility is that
inhibition of the different enzymatic pockets of FAS elicits
distinct downstream effects. Although we cannot definitively
exclude this possibility, it is difficult to envision how antago-
nists of distinct enzymatic pockets, each leading to inhibition of
product formation, could elicit different effects. Another possi-
bility is that cerulenin and ¢75 bind to additional molecular
targets that account for the effects upon Go/M. In this regard,
we have begun to analyze clonal variants of MDA-MB-435 cells
resistant to Orlistat. We have found these cells to retain sen-
sitivity to cerulenin (data not shown), a finding that lends
support to the idea that these two compounds have different
mechanisms of action.

It is now clear that several avenues for antitumor therapy
converge at the G,/S transition. Recent work indicates that
Skp2 is one of the important G,/S regulatory points because it
is necessary for ubiquitin-dependent degradation of p27%iP!
(32). Consequently, Skp2 is a positive regulator of cell-cycle
progression. In fact, Skp2 has even been suggested as a poten-
tial drug target (37), an idea that is significantly strengthened
by the recent observation that Skp2 levels are associated with
reduced survival in prostate cancer (38). The present study
shows that a FAS blockade ultimately decreases Skp2 levels.
Therefore, FAS represents an upstream leverage point for tar-
geting Skp2. Identifying and understanding the mechanism
and molecular players that make this connection is an impor-
tant direction for future investigation.
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